Proteins of the BCL2 family provide a survival mechanism in many human malignancies, including chronic lymphocytic leukemia (CLL). The BCL2 inhibitor ABT-263 (navitoclax) is active in clinical trials for lymphoid malignancies, yet resistance is expected on the basis of preclinical models. We recently showed that vinblastine can dramatically sensitize several leukemia cell lines to ABT-737 (the experimental congener of ABT-263). The goal of these experiments was to determine the impact of vinblastine on ABT-737 sensitivity in CLL cells isolated from peripheral blood and to define the underlying mechanism. Freshly isolated CLL cells from 35 patients, as well as normal lymphocytes and platelets, were incubated with various microtubule-disrupting agents plus ABT-737 to assess sensitivity to the single agents and the combination. ABT-737 and vinblastine displayed a range of sensitivity as single agents, and vinblastine markedly sensitized all CLL samples to ABT-737 within six hours. Vinblastine potently induced the proapoptotic protein PMAIP1 (NOXA) in both time-and dose-dependent manner and this was required for the observed apoptosis. Combretastatin A4, which dissociates microtubules by binding to a different site, had the same effect, confirming that interaction of these agents with microtubules is the initial target. Similarly, vincristine and vinorelbine induced NOXA and enhanced CLL sensitivity to ABT-737. Furthermore, vinblastine plus ABT-737 overcame stroma-mediated resistance to ABT-737 alone. Apoptosis was induced with clinically achievable concentrations with no additional toxicity to normal lymphocytes or platelets. These results suggest that vinca alkaloids may improve the clinical efficacy of ABT-263 in patients with CLL.
Introduction
Although low-grade hematopoietic malignancies respond to initial chemotherapy regimens, they remain incurable, requiring additional rounds of increasingly toxic chemotherapy. Ultimately, many patients die of the disease within a few to several years. The only current curative therapy for these diseases is allogenic transplantation. However, this strategy is not applicable to most patients, as they tend to be elderly, have comorbidities, or lack a suitable donor.
Vinca alkaloids have been used for many years as part of treatment regimens for patients with hematopoietic malignancies including chronic lymphocytic leukemia (CLL). At first glance, it seems highly unlikely that vincristine or vinblastine should have any impact in CLL because, following dissociation of microtubules, their mechanism of action is traditionally considered to be due to mitotic arrest, which progresses to apoptosis. As the proportion of cycling cells in CLL is very low, particularly in the peripheral circulation, vinca alkaloids should be inactive. However, we have recently discovered that vinblastine can induce very rapid apoptosis in primary CLL cells despite the fact that they are nonproliferative (1, 2) . In addition, we have been able to induce this rapid apoptosis in cell lines of other leukemia types by combining vinblastine with various approaches that target the antiapoptotic proteins MCL1 or BCL2 (1) (2) (3) . The effects of vinca alkaloids still seem to be initiated by disruption of microtubules as we show similar effects herein with combretastatin A4, which dissociates microtubules through binding to a different site on tubulin.
The intrinsic apoptotic pathway is regulated by the BCL2 family of proteins, in which the balance of pro-and antiapoptotic proteins determines cell survival. When in excess, the BH3-only proapoptotic proteins [e.g., Bad, PMAIP1 (NOXA)] bind to the BH3 groove of antiapoptotic proteins, allowing for the release of other proapoptotic proteins [e.g., BCL2L11 (BIM)] and activation of BAX and BAK. BAX and BAK then form pores in the outer mitochondrial membrane releasing cytochrome c, leading to downstream caspase activation and apoptosis (4) . Expression of the antiapoptotic family members, BCL2, BCL2L1 (BCLX), BCL2L2 (BCLW), MCL1, and BCL2A1 (BFL1) contribute to drug resistance in many human malignancies (5, 6) . The balance of these proteins is also important for normal hematopoiesis, and their dysregulation can lead to the development of cancer (e.g., BCL2 upregulation in CLL). Thus, there is a need to develop targeted treatments of cancer that can overcome BCL2 protein-mediated protection.
ABT-737 is a BH3 mimetic that preferentially binds the BH3 groove of antiapoptotic proteins BCL2, BCLXL, and BCLW, inducing BAX/BAK-dependent apoptosis (7) . The success of ABT-737 to induce apoptosis was first documented in CLL and small cell lung cancer (8) and has been further tested in numerous malignancies. The orally bioavailable analog, ABT-263 (navitoclax), has a similar profile of binding to BCL2 family proteins and has the same effective concentrations (9) . Navitoclax is currently in phase I/II clinical trials as a single agent (NCT01557777, NCT00481091, and NCT00406809) and in combination therapies (NCT00868413, NCT00788684, and NCT01009073). Resistance to ABT-737 is caused by expression of MCL1 and BFL1, which can sequester BH3-only proapoptotic proteins (10, 11) . Targeting MCL1 with siRNA or drugs has increased malignant tumor sensitivity to ABT-737 (3, 10, (12) (13) (14) (15) . Similarly, NOXA, which preferentially binds MCL1 and to a lesser degree BFL1, has been shown to aid in ABT-737-induced lethality (16) (17) (18) . Thrombocytopenia is a side effect of ABT-263 exposure due to the dependence of platelets on BCLXL for survival (11, 19) .
We have previously reported that vinblastine can rapidly kill CLL cells as a single agent, independent of cellcycle phase, and can also acutely sensitize a panel of hematopoietic cell lines and freshly isolated CLL cells to the cyclin-dependent kinase inhibitors flavopiridol and dinaciclib (2) . Through inhibition of CDK9, these agents prevent global transcription resulting in rapid decline of proteins whose mRNA and protein both have a short halflife, in particular MCL1. Vinblastine greatly increased the levels of apoptosis in both dinaciclib-sensitive and -resistant CLL cells within 6 hours. We hypothesized that other cells might be more dependent on BCL2 and this hypothesis was supported by the observation that NB4 leukemia cells are acutely sensitized to vinblastine by ABT-737 (3) . The data presented here show that vinblastine induces expression of NOXA, which is required to sensitize NB4 and CLL cells to ABT-737. Furthermore, vinblastine dramatically and rapidly enhances ABT-737-induced apoptosis in CLL without increasing toxicity to normal lymphocytes or platelets.
Materials and Methods

Reagents
Vincristine and vinblastine were purchased from Millipore, vinorelbine and combretastatin A4 from Sigma. The siRNA constructs were purchased from Ambion and the Nucleofector Kit from Lonza. Hoechst 33342 was purchased from Molecular Probes (Life Technologies) and DNA primers from Integrated DNA Technologies. ABT-737 was provided by Abbott Laboratories. Unless otherwise stated, all other reagents were obtained from Sigma. Antibodies were as follows: PARP, phospho-JNK, BCLXL (Cell Signaling Technology); NOXA and actin (EMD Millipore); gelsolin and MCL1 (BD Pharmingen); BCL2 (Dako); BFL1 (courtesy of Jannie Borst, The Netherlands Cancer Institute, Amsterdam, the Netherlands); and secondary antibodies (Bio-Rad). NB4 cells, derived from a patient with acute promyelocytic leukemia, were obtained from Ethan Dmitrovsky (Geisel School of Medicine at Dartmouth, Hanover, NH). THP-1 cells, derived from a patient with acute monocytic leukemia, were purchased from the American Type Culture Collection. L4.5 cells expressing CD154 (CD40L) were obtained from Sonia Neron at Hema-Quebec (Quebec, Canada). No reauthentification of cell lines was carried out.
Patient samples
Blood samples were obtained from subjects at the Norris Cotton Cancer Center (Lebanon, NH) using a Dartmouth College Institutional Review Board-approved protocol and informed consent documents. Cells from 10 mL of blood were diluted in PBS and purified by centrifugation in Ficoll-Paque PLUS. Lymphocytes were collected, washed three times in PBS containing 2 mmol/L EDTA, and plated in RPMI-1640 plus 10% serum at 1 Â 10 6 cells/mL alone or on top of 2 Â 10 5 of L4.5 stromal cells. Cells were incubated immediately with drugs or after 24-hour incubation on L4.5 stromal cells. Platelets were isolated by mixing 10 mL of blood with 1 mL sodium citrate (3% w/v). This mixture was centrifuged for 10 minutes at 1,000 rpm, and the top layer containing the platelet-rich plasma was collected. Purified platelets were plated in RPMI-1640 plus 10% serum and treated immediately with drugs.
Determination of apoptosis
Chromatin condensation is a hallmark of apoptosis, correlates with the cleavage of PARP, and is readily quantifiable. Both these endpoints occur much earlier than most other markers (e.g., Annexin V staining), and are therefore used here to show the rapidity with which apoptosis is induced. The apoptosis observed here was also inhibited by the pan-caspase inhibitor QVD-OPh (data not shown). To assess chromatin condensation, cells were incubated with 2 mg/mL Hoechst 33342 for 15 minutes at 37 C and visualized with a fluorescent microscope. At least 200 cells were scored from each sample and data were expressed as the percentage of cells with condensed chromatin.
Cell transfection and Western blotting
Cells were maintained in RPMI-1640 containing 10% FBS and incubated at 37 C in 5% CO 2 /95% humidified air. NB4 cells (2 Â 10 6 ) were transfected with 2 mg NOXA (s10709) or scrambled siRNA using Nucleofector Kit V and program X-001. Forty-eight hours later, cells were treated with drugs for 6 hours and then harvested for protein analysis. CLL cells (1 Â 10 7 ) were transfected with 3 mg NOXA (s10709) or scrambled siRNA using B Cell Nucleofector Kit and program X-005. Twenty-four hours later, CLL cells were treated with drugs for 6 hours and then harvested for protein analysis. For protein analysis, cells were lysed in urea lysis buffer and boiled for 5 minutes (2). Proteins were separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Millipore). Membranes were blocked with 5% nonfat milk in TBS and 0.1% Tween 20, and were probed with the appropriate primary antibody overnight. Subsequently, membranes were washed in TBS and 0.1% Tween 20, and incubated with secondary antibody conjugated to horseradish peroxidase. Proteins were visualized by enhanced chemiluminescence (Amersham; GE Healthcare Bio-sciences). When comparing different CLL samples, lysates from a constant number of cells were loaded on each gel. Lysates from THP-1 cells were used as a positive control for protein expression (1). All platelet samples were loaded with 20 mg of protein per lane. Densitometry was conducted using an HP psc1350v scanner and ImageJ software.
Quantitative real-time PCR
Total mRNA from 1 Â 10 7 cells was isolated with TRI Reagent (Molecular Research Center) according to the manufacturer's instructions and reverse transcribed using iScript cDNA synthesis kit (Bio-Rad). The cDNA was analyzed by quantitative reverse transcription PCR using the iQ SYBR Green Supermix (Bio-Rad) according to the manufacturer's instructions. The expression ratio for NOXA relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was calculated according to the equation of Pfaffl (20) using untreated cells as a reference.
Results
CLL cells are variably sensitive to ABT-737 and vinblastine as single agents
We have previously reported that ABT-737 sensitizes NB4 cells to vinblastine (3). This is an acute response that occurs within 6 hours and at all phases of the cell cycle. To determine if this might be clinically relevant, we analyzed freshly isolated cells from 35 patients with CLL for their acute (6 hours) sensitivity to ABT-737 alone or in combination with vinblastine. The concentrations of drugs used are clinically achievable as peak plasma concentrations for ABT-263 approach 4 to 6 mmol/L (11, 21), whereas vinblastine reaches 0.1 to 0.6 mmol/L (22, 23). Supplementary Table S1 displays the diagnostic and clinical features of the patients with CLL included in this study. As expected, many of the CLL samples were acutely sensitive to ABT-737 alone, although a subset was relatively resistant (Fig.  1A) . The median EC 50 of ABT-737 was 0.01 mmol/L, although at this concentration sensitivity still covered the entire range of 0% to 97% survival (boxed in Fig. 1A ). CLL samples with more than 50% survival at 0.01 mmol/L ABT-737 were classified as resistant (n ¼ 14), whereas CLL samples with equal to or less than 50% survival were classified as sensitive (n ¼ 21).
The same CLL samples were incubated with vinblastine alone for 6 hours. These samples displayed a range of sensitivity with a median survival rate of 65% at the highest concentration of vinblastine (1 mmol/L, boxed; Fig. 1B ). Samples with more than 50% survival at 1 mmol/L vinblastine were classified as resistant (n ¼ 19), whereas samples with less than 50% survival were classified as sensitive (n ¼ 10). Figure 1C shows a significant correlation between the sensitivity to vinblastine and ABT-737 as single agents. These data suggest three subsets of CLL with different patterns of sensitivity: vinblastineresistant/ABT-737-resistant (top right quadrant), vinblastine-sensitive/ABT-737-sensitive (bottom left quadrant), and vinblastine-resistant/ABT-737-sensitive (top left, shaded quadrant). Interestingly there were no vinblastine-sensitive/ABT-737-resistant CLL samples as indicated by the empty bottom right quadrant in Fig. 1C . These results suggest that there is a common underlying mechanism of sensitivity to ABT-737 and vinblastine for two thirds of the samples, but there is a subset of samples that have an alternate mechanism of resistance to vinblastine (i.e., BCL2 independent). Repeat samples were obtained from several patients at different times, and the sensitivity to vinblastine or ABT-737 seemed to be a stable phenotype, although insufficient samples were available for a statistical analysis.
Vinblastine sensitizes CLL cells to ABT-737
When vinblastine and ABT-737 were combined, all the CLL samples showed increased apoptosis (Fig. 1D ). To better visualize the impact of vinblastine in combination, the CLL cells were stratified as either ABT-737-sensitive or -resistant as described earlier. In the ABT-737-resistant and -sensitive cells, vinblastine reduced the EC 50 of ABT-737 by 19-and 11-fold, respectively. We noted that 5 samples were very resistant to ABT-737 alone (more than 40% survival at 0.1 mmol/L ABT-737), and therefore reanalyzed this subset. These very resistant CLL samples had an EC 50 for ABT-737 of more than 0.1 mmol/L in the absence of vinblastine, whereas the addition of 1 mmol/L vinblastine reduced this EC 50 more than 30-fold. These results suggest that adding vinblastine to an ABT-263 treatment regimen may significantly increase efficacy against CLL.
CLL prognostic markers and protein expression do not correlate with drug sensitivity
Because of the range of response of CLL samples to ABT-737 or vinblastine as single agents, we sought a biomarker as a predictor of response. Typically ZAP70 and CD38 status are determined at the time of patient diagnosis and can be used as prognostic factors for CLL. We therefore compared the status of these factors to the sensitivity of each CLL sample for each of our drugs. Sensitivity to ABT-737 and vinblastine was defined as discussed earlier and is summarized for each patient in Supplementary Table S1 . There was no correlation between ZAP70/CD38 status and sensitivity to either ABT-737 or vinblastine. In addition, patient gender and age did not significantly correlate with response to ABT-737 or vinblastine. Previous reports indicate MCL1 and BFL1 expression as mechanisms of ABT-737 resistance (10) . We found no correlation of MCL1 or BFL1 expression with ABT-737 sensitivity (Fig. 1E) . Lysates from THP-1 cells were used as a positive control as they express each of these BCL2 proteins (1) . The BCL2 protein expression in most of the CLL samples was greater than that of THP-1 cells, with a trend of higher BCL2 expression correlating with ABT-737 sensitivity. The MCL1 level was variable in CLL and much lower than THP-1 cells. There was no detectable expression of BFL1 or NOXA (not shown) in any of the CLL samples. 
Vinblastine-induced NOXA is required for apoptosis
The acute apoptosis induced in cell lines and CLL by vinblastine alone or when MCL1 is concurrently suppressed is dependent on the ability of vinblastine to potently activate c-jun-NH 2 -terminal kinase (JNK; refs. 1, 2). However, acute apoptosis induced by vinblastine combined with ABT-737 is JNK-independent ( Supplementary  Fig. S1 ). This suggests that JNK may be required to inhibit BCL2 as it is redundant in the presence of ABT-737. Accordingly, we propose that vinblastine has a second function that is required to inhibit MCL1. Vinblastine rapidly induced NOXA transcript ( Fig. 2A) and protein (Fig. 2B) in CLL cells. NOXA induction was both time-and concentration-dependent; NOXA appeared at 1 to 2 hours, whereas PARP cleavage was evident at 4 to 6 hours (Fig. 2B) . No other BH3-only proteins were induced in CLL by vinblastine (data not shown) consistent with previous results in a panel of leukemia cell lines (1). These results are consistent with NOXA playing a role in vinblastine-mediated apoptosis in CLL.
To determine whether NOXA is required for vinblastine plus ABT-737-mediated apoptosis, we initially used NB4 cells because they express a similar pattern of BCL2 proteins (BCL2 high, MCL1 low, Bcl-X undetectable) as CLL, are also sensitized to ABT-737 by vinblastine, and are readily transfectable with siRNA. The NOXA siRNA reduced basal NOXA levels and prevented induction of NOXA protein by vinblastine (Fig. 2C) . Furthermore, NOXA siRNA significantly protected NB4 cells from apoptosis induced by ABT-737 in combination with vinblastine. We repeated this experiment in CLL cells that are more difficult to transfect (average of 40% transfection efficiency using a pmaxGFP control vector) and consequently the changes in NOXA were not as dramatic. However, the NOXA siRNA partially prevented the vinblastine-mediated induction of NOXA protein and partially protected from vinblastine and ABT-737 treatments (Fig. 2D) . Together, these results show that NOXA induction is required to sensitize these hematopoietic cells to vinblastine plus ABT-737.
Other microtubule-disrupting agents sensitize CLL cells to ABT-737 CLL cells were further tested for sensitivity to other vinca alkaloids commonly used in the clinic and for an alternative microtubule-disrupting agent, combretastatin A4, which binds to a different site on tubulin. Vincristine, vinorelbine, and combretastatin A4 all activated JNK and induced NOXA in a concentration-and time-dependent manner similar to vinblastine (Fig. 3A and data not  shown) . However, a 10-to 50-fold higher concentration of vinorelbine was required to exhibit the same effects as the other two vinca alkaloids. The correlation between activation of JNK, induction of NOXA, and PARP cleavage by each agent is consistent with these effects being the consequence of inhibiting a single target (i.e., microtubule disruption). However, while a correlation with JNK activation is evident, Supplementary Fig. S1 shows that the sensitization to ABT-737 is JNK independent.
The sensitivity of CLL cells to the combination of ABT-737 and various microtubule-disrupting drugs was tested in ABT-737-resistant CLL cells. Vincristine sensitized CLL cells to ABT-737 at comparable concentrations as vinblastine (Fig. 3B) , whereas vinorelbine was less effective at lower concentrations but was still able to enhance apoptosis in the presence of ABT-737. These results are not surprising based on the ability of vincristine and vinblastine to induce NOXA at lower concentrations. Combretastatin A4 also enhanced apoptosis in combination with ABT-737. Overall, this indicates that alternative microtubule-disrupting agents that induce NOXA could be used instead of vinblastine to sensitize CLL cells to ABT-737.
Vinblastine does not enhance ABT-737 toxicity in normal lymphocytes or platelets
Normal lymphocytes isolated from donors were resistant to ABT-737 and vinblastine as single agents (Fig.  4A) . Incubation with 0.1 mmol/L ABT-737 alone was significantly different from vehicle or vinblastine incubation, but only induced an average of 10% apoptosis in these lymphocyte samples. The combination of vinblastine plus ABT-737 did not increase apoptosis over single agent ABT-737 (Fig. 4A) . These results suggest that this drug combination is selective for malignant lymphocytes.
As thrombocytopenia is a known consequence of ABT-263 treatment, we tested the impact of our drug combination on platelet survival. Gelsolin cleavage was used as a marker of platelet apoptosis (24, 25) . ABT-737 alone at concentrations !1 mmol/L induced platelet apoptosis (Fig. 4B) . These concentrations are much higher than those required to induce apoptosis in CLL cells. Vinblastine did not induce gelsolin cleavage as a single agent, nor did it enhance cleavage induced by ABT-737 (Fig. 4B) .
Vinblastine plus ABT-737 overcomes stromamediated resistance
The tumor microenvironment, including T cells expressing CD154 (CD40L), is known to protect malignant cells from spontaneous and drug-induced apoptosis (26) (27) (28) (29) . Therefore, we used L4.5 cells expressing CD154 to stimulate CLL survival (30) . In the absence of stroma, low concentrations of ABT-737 (0.1 mmol/L) induced apoptosis (Fig. 1) . However, CLL cells preincubated with L4.5 cells for 24 hours were protected from subsequent incubation with high concentrations of ABT-737 (10 mmol/L; Fig. 5A ). The L4.5 stromal cells also protected CLL cells from single-agent vinblastine-mediated apoptosis. However, the combination of vinblastine plus ABT-737 overcame much of this resistance.
CD154 exposure has previously been reported to cause induction of BFL1 and BCLXL in CLL cells (31) (32) (33) . Figure  5B shows that L4.5 cells cause a dramatic induction of BCLXL in CLL cells, whereas 4 of 5 CLL samples induced some BFL1, albeit to a low level compared with the positive control. There was a very low level of MCL1 that may have increased in 1 of 5 CLL samples. In contrast, BCL2 protein levels were reduced in 3 of 5 CLL samples in response to stroma, showing a reciprocal response that still maintains high levels of antiapoptotic protein expression. These results are consistent with the paradigm of the tumor microenvironment causing upregulation of antiapoptotic proteins in CLL, protecting them from ABT-737 and other anticancer drugs.
Discussion
Expression of BCL2 proteins is a mechanism of drug resistance for many tumors, providing a rationale for developing targeted drug therapies that can overcome this barrier. This has led to the development of the BCL2 inhibitors ABT-737 and ABT-263. Here, we show that many freshly isolated primary CLL cells are highly sensitive to low concentrations of ABT-737 within an acute time frame of 6 hours (Fig. 1) . This is in agreement with previous reports showing sensitivity of CLL ex vivo to ABT-737 in both acute and chronic time frames (34, 35) . Additional reports show that ABT-737 can induce apoptosis in multiple myeloma and several lymphomas at concentrations similar to those used here (34, 36) . The phase I study of ABT-263 in CLL revealed reduced lymphocytosis and 35% of patients had a partial response (11) . Furthermore, ABT-737 has been shown to overcome resistance to several chemotherapy drugs such as doxorubicin, topotecan, etoposide, and bortezomib in preclinical models of hematopoietic tumors and solid carcinomas (16, (36) (37) (38) (39) (40) (41) . Our results reveal a novel opportunity to increase the sensitivity of various leukemias by combining ABT-737 with vinca alkaloids. Ã , P < 0.05 compared with control. B, freshly isolated platelets from cancer-free patients were incubated with 0 to 10 mmol/L ABT-737 with or without 1 mmol/L vinblastine for 6 hours. Cell lysates were analyzed for protein expression, and gelsolin cleavage was used as a marker for platelet apoptosis. A representative sample from 3 experiments is shown.
As only a small fraction of CLL cells are thought to be actively cycling at any time, this disease should not be sensitive to a mitosis-specific drug such as vinblastine. However, CLL cells are variably sensitive to vinblastine as a single agent, and can undergo apoptosis within a few hours from all phases of the cell cycle. We have previously shown that vinblastine strongly activates JNK and that this is required for apoptosis induced by vinblastine alone or when combined with the CDK9 inhibitor dinaciclib, which prevents expression of MCL1 (1, 2) . We report here that CLL cells are highly sensitive to the combination of vinblastine and ABT-737 and that this also occurs within only a few hours; yet, activation of JNK is not required for this sensitization. This observation suggests that vinblastine-induced JNK activation may directly or indirectly target BCL2, a function that is redundant in the presence of ABT-737. We previously showed that incubation of NB4 cells with ABT-737 dissociates BIM from BCL2, which then binds to MCL1, preventing apoptosis (3). However, vinblastine also induces NOXA, a proapoptotic protein that binds to MCL1 but not BCL2 and this second mechanism explains how it sensitizes cells to ABT-737 (Fig. 2) .
CLL cells incubated with CD154-expressing stromal cells showed only low level induction of BFL1, and little if any MCL1, but there was a much more dramatic increase in BCLXL. These results are consistent with previous reports of strong BCLXL induction and variable levels of MCL1 and BFL1 induction in response to CD40L stimulation (42) (43) (44) . It is interesting that the concentrations of ABT-737 required to kill these resistant CLL cells is similar to the concentration of ABT-737 required to kill platelets, which are also dependent on BCLXL. This suggests that ABT-737 may be far less effective at inhibiting BCLXL than BCL2 in cells, and this consideration is also consistent with a recent report of the lower efficacy of ABT-737 against BCLXL (45, 46) . NOXA was previously thought to inhibit only MCL1 and BFL1, yet recent reports have suggested it may also inhibit BCLXL (47) (48) (49) , and our observations are consistent with this possibility. This does not contradict previous reports of sensitization to ABT-737 being mediated by an increase in the NOXA:MCL1 ratio (50) , as the induced NOXA could bind to other BCL2 family members in addition to MCL1.
Although a majority of CLL samples were innately sensitive to ABT-737 alone, stratification of these samples enabled us to determine the impact of vinblastine on ABT-737-induced apoptosis in resistant CLL populations. Vinblastine, at a clinically relevant concentration of 0.1 mmol/L (22, 23) , reduced the EC 50 of ABT-737 by more than 10-fold for the very resistant CLL subset, and to a lesser extent for those more sensitive to ABT-737 alone. Importantly, vinblastine plus ABT-737 did not sensitize normal lymphocytes, nor did it increase ABT-737-mediated platelet apoptosis at the concentrations that effectively target CLL cells. This suggests that it may be possible to combine the maximum-tolerated dose of both drugs for improved efficacy, particularly to target those CLL cells that are very resistant to ABT-737.
Other microtubule-destabilizing agents induced NOXA and enhanced apoptosis in combination with ABT-737. The impact of combining vincristine with ABT-737 has been previously reported; synergy was shown in acute lymphocytic leukemia (ALL) cell lines and xenograft models, with ABT-737 plus vincristine delaying tumor growth and increasing overall survival time (38, 51) . In addition, ABT-737 plus vincristine was tested in glioblastoma cell lines, showing an increase in apoptosis albeit at much higher concentrations of ABT-737 (!50 mmol/L; ref. 52). The treatment times and drug concentrations used previously far exceeded those reported here. However, combined with our data, these reports support the concept of improved efficacy by combining a BH3 mimetic with a vinca alkaloid in cancer therapy. The microtubule-stabilizing agent paclitaxel, however, did not elicit the same response as vinca alkaloids as it was unable to acutely induce NOXA or sensitize CLL cells alone or in combination with ABT-737 (data not shown), suggesting that all microtubule-targeting agents do not function the same way. This suggests that microtubule destabilization is an initiating event for the induction of NOXA and apoptosis. We have previously implicated the integrated stress response through eIF2-a and transcription factors ATF4 and ATF3 in the induction of NOXA by several putative BH3 mimetics (3), but initial experiments suggest only ATF3 may be involved in the induction of NOXA following microtubule disruption.
We show that most CLL have very low MCL1 protein expression compared with cell lines, in agreement with most CLL being highly sensitive to ABT-737 alone ( Fig. 1;  refs. 8, 35 ). In the search for predictors of response, several groups have stratified CLL patient samples based on ABT-737 sensitivity, and no correlation between the expression of individual BCL2 proteins and sensitivity was found (14, 39) . Similarly, we found no correlation between ABT-737 or vinblastine sensitivity with patient age, gender, status of ZAP70 and CD38 prognostic factors, or basal expression of MCL1 or BFL1 proteins.
Clinical trials of ABT-263 as a single agent in small cell lung cancer and lymphoid malignancies have been reported (11, 21, 53) . Although some tumor types or subpopulations may be inherently sensitive to ABT-737, many tumor types have variable sensitivity to the single agent and combination therapies are likely necessary. Furthermore, the interaction of tumors with stromal cells within their microenvironment can lead to resistance to single-agent drug therapy. Upon oral administration of ABT-263, the time to maximum plasma concentration is about 9 hours with a plasma half-life of 17 hours. As a consequence, the drug is being administered on a daily basis. Shown here, cell death in response to the vinblastine and ABT-737 combination was acute (within 6 hours) and independent of the cell cycle, reflecting the ability to sensitize tumors with a low growth fraction, such as CLL. The rapid induction of apoptosis also suggests that brief exposure to drugs might be clinically effective. In addition, the combination of vinblastine and ABT-737 overcame stroma-mediated resistance in CLL cells suggesting that this combination may be more effective than single-agent therapies in the clinical setting. Considering the speed with which CLL cells undergo apoptosis when exposed to ABT-737, our data suggest that combining ABT-263 with vinblastine in an acute treatment setting might greatly enhance the therapeutic outcome in patients with hematopoietic malignancies.
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